Background Despite efforts to reduce disadvantages across society, widening health disparities have been observed in Minnesota. This research examined whether observed declines in state-wide smoking prevalence were experienced equally by all adults with varying educational attainment.
Introduction
Minnesota has adopted a comprehensive program in tobacco control that includes best practices 1 such as surveillance of tobacco use, universal access to cessation programs, indoor smoking ban, a mass media counter-tobacco campaign, higher taxes and advocacy for public policies. 2, 3 The net effect of these programs has been a 35% reduction in state-wide adult smoking prevalence from 22.1% in 1999 to 14.4% in 2014. 4 Despite this encouraging reduction, a noticeable gradient in cigarette smoking has been observed. In 2014 smoking rates in Minnesota were higher among those who completed fewer years of education, lower income and within some racial and ethnic groups, including American Indians. 4 These same variations in smoking rates have been observed in USA, 5 internationally 6, 7 and in other locations with long-term tobacco control programs. 8 Using California data from 1996 to 2005, Zhu et al. 8 analyzed the effects of the California tobacco control program on declining smoking prevalence by lowest (<12 years) and highest (16+ years) education groups. They found the low education group had higher smoking prevalence rates compared to the high education group across the period of study, but the rate of decline was similar. So, although the relative rate of decline in smoking was similar between the lowest and highest educated adults, the absolute difference in smoking rates remained. In another study, Garrett et al. 9 analyzed US National Health Interview Survey (NHIS) data from 1983 to 2010 and also observed relative declines in smoking prevalence across all education groups but in contrast found a widening gap in smoking between the lowest and highest educated adults. Similarly, researchers in England observed a widening gap in smoking rates by socioeconomic status (SES). 7 Given the overall reduction in smoking in Minnesota, but known smoking-related disparities, our primary research question was to determine the extent to which the observed decline in overall smoking prevalence was experienced by adults across all levels of educational attainment.
Methods

Data
The Minnesota Adult Tobacco Survey (MATS) is a series of cross-sectional telephone-based surveys conducted every 3-4 years to measure tobacco use, attitudes and beliefs among non-institutionalized adults. For this study, four MATS (2003, 2007, 2010 and 2014) were included. Each survey used random-digit dialing (RDD) drawn from telephone number sampling. In 2010 and 2014 a cellular phone number sampling frame was added and the interviews resulting from both landline and cellular phone frames were combined in the final analytical data file. Each survey was conducted using a computer-assisted telephone interviewing (CATI) system and each interview lasted about 15 min on average with smokers. If needed, at least 15 call attempts were made to contact households and individuals identified and selected through the RDD survey. The administration of MATS was supported by an informational website, and letters were mailed to those who initially declined to respond to encourage their participation. In creating the analytic datasets, survey weights adjusted for the unequal probabilities of selection resulting from the sampling plan and for nonresponse. The sample weighting process included four major steps: (i) adjust for the probability of selection due to the sample design; (ii) apply screener and extended non-response adjustments; (iii) compute dual-frame composite weighting adjustment to combine the landline and cell phone samples, adjusting for the cell-mostly households, which had a chance of selection in both the landline and cell phone samples; and (iv) post-stratify to population totals based on reliable estimates from the US Census Bureau's 2013 American Community Survey, through calibration process to reduce remaining nonresponse and coverage error. The response rates to MATS questionnaire, not including the RDD screening, have ranged from 75 to 65% in the last round. For each round of MATS, the Minnesota Department of Health Institutional Review Board reviewed and approved the methods for human subject protection and data security.
Measures
Demographic variables included gender, age (18-24, 25-44, 45-64, 65+), race/ethnicity (White, Black, Asian, Pacific Islander, American Indian, Other/Mixed Race, Hispanic) and years of education. Education levels were defined by the highest amount of education completed. The low education group included those who had not graduated from high school or who had completed a high school equivalency test known as General Educational Development (GED) in the USA and Canada. These were combined because in other studies adults with a GED and adults who did not complete high school have similar smoking rates. 10 Adults who completed high school but had not completed a college degree were categorized as the middle education group. Those who attained a college degree or more were categorized as the high education group.
Current cigarette smoking, cigarettes per day (CPD), time to first cigarette, and other non-cigarette tobacco product (OTP) use were measured. A current smoker had smoked at least 100 cigarettes and now smokes every day or some days. Respondents were asked the typical length of time between waking and smoking the first cigarette. Those who smoked within 30 min of waking were considered more dependent.
11
The average number of cigarettes smoked across all 30 days was calculated as the number of days smoked multiplied by the number of cigarettes smoked on days smoked divided by 30. Current use of OTPs was defined as any use in past 30 days and at least 20 times of lifetime use of pipe, water pipe (hookah), cigars, little cigars, cigarillos or smokeless tobacco including chewing tobacco, snuff, or snus. Hookah use was assessed only in 2010 and 2014. Except for CPD, the other three measures were dichotomized (yes/no) variables according to the definitions stated above.
Analytic approach
Statistical analyses were conducted using SAS 9.3 (SAS Institute, Cary, NC) 'surveymeans', 'surveylogistic' and surveyreg procedures. The surveymeans procedure was used to estimate population means and prevalence rates. The surveylogistic procedure was used to conduct weighted multivariate logistic regression analyses for the three dichotomized outcomes (current smoking status, time to first cigarette [≤30 min/>30 min] and OTP use). The surveyreg procedure was used to conduct weighted multivariate regression analyses for the continuous outcome (mean number of CPD). The regression models produced statistical tests of changing trends in the outcomes over time, and all the models were specified consistently with the recommended approach of analysis of disparities over time.
8 Different use patterns among subgroups over time were represented by the interaction of education groups by survey years in the weighted regression models, adjusted for gender and age. Then 95% confidence intervals around population estimates were calculated. Estimates with non-overlapping confidence intervals were considered statistically different in bivariate analyses. Weighted survey data was used in all analyses.
Results
Participants' characteristics Table 1 describes the demographic characteristics of the unweighted adult MATS samples. Across each round of MATS, the majority of the sample falls in the middle education group with the smallest proportion falling into the low education group. There is limited racial/ethnic heterogeneity as the majority of the sample is comprised on Whites (ranging from 95% in 2003 to 90% in 2014). Due to small cell sizes among racial/ethnic groups other than White, this variable was not included in statistical models. The results presented hereafter are all weighted estimates.
Current smoking prevalence
Among the high education group, current smoking decreased from 9.4% in 2003 to 5.1% in 2014 (Fig. 1a) . Similarly, a decrease in current smoking was observed in the middle education group (from 23.0% in 2003 to 16.8% by 2014). In contrast, smoking in the low education group increased from 22.4% in 2003 to 31.9% in 2014. Overall, the smoking rate in 2003 was 2.4 times higher among smokers with low versus high educational attainment, however, by 2014 the differential was 6.25 times higher. a Counts may not sum to overall total due to some missing data for these characteristics.
Low Education Group defined by completion of less than high school or completed high school equivalency test (GED).
Middle Education Group defined by completion of high school but not completed a 4-year degree.
High Education Group defined by completion of at least a 4-year Bachelor's Degree or beyond.
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Adjusted regression models examined the changing proportions of smoking for the three education groups and tested the education group by time interaction to determine if the rate of change in smoking differed over time (Table 2) . After controlling for gender and age, there was a significant trend over time for the middle group compared to the low education group (chi-square = 11.2479, P = 0.0008). Specifically, the adjusted odds ratio (OR), was 0.70 (95% CI: 0.60-0.83) for the middle group comparing 2014 with 2003, and was significantly smaller than the OR for the low group comparing the same time frame (OR = 1.47; CI: 0.99-2.18). In other words, the middle education group was less likely to be smoking in 2014 compared to 2003, as compared to the low education group, which was more likely to be smoking in 2014 compared to 2003. The OR estimate for the low group (OR = 1.47; 95% CI: 0.99, − 2.18) was >1, although non-significant, it suggests that there appeared to be an increase of current smoking in 2014 compared to 2003. The statistical test of education group by time interaction was significant, indicating differences in the trend over time for the middle group compared to the low education group for this outcome. Significant differences in the high education group compared to the low education group were indicated in every survey year comparison, revealing that smoking declined over time significantly for the high education group (specifically, each year compared to 2003) while smoking rates appeared to grow among the low education group.
Time to first cigarette
In 2003, the proportion that smoked within 30 min of waking was twice as high in the low education group (65.1%) compared to the high education group (33.0%), and compared to 66.7 and 26.0% for these respective groups in 2014 (Fig. 1b) . Thus, the absolute difference in dependence between the high and low education groups was 32.1% in In this case, the widening disparity resulted from the low education group remaining essentially stable over the years, while the high education group experienced a small decline. Adjusted regression models indicated that there was no significant time by education interaction (Supplemental Table 1 ). Instead, there was a main effect of education across all four survey years, such that both the middle and high education groups were less likely to smoke the first cigarette within 30 min of waking up. Point ORs ranged from 0.30 to 0.48 for the middle education group and from 0.12 to 0.23 for the high education group, and all were significant compared to the low education group.
Mean CPD
As seen in Fig. 1c , cigarettes smoked per day among current smokers declined over time for each education group. In ORs for interaction terms Education by Year are transformations of combined logit estimates.
Low Education Group defined by completion of less than high school or high school equivalency test (GED).
The significance for bold values is P < 0.05.
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2003, smokers in the lowest education group smoked on average 16.2 CPD compared to 14.4, and 10.2, in the middle and high education groups, respectively. After gradual declines in mean CPD in each survey year, all groups were smoking <13 by 2014. In this case, the disparity narrowed between the low and high education groups, as the absolute difference between mean CPD for the low education group (mean = 16.2) versus the high (mean = 10.2) in 2003 was reduced by 1.4 cigarettes. Adjusting for gender and age, linear regression models revealed significant main effect differences in mean CPD comparing the highest and lowest education group at each year. On average, the high education group smoked significantly fewer cigarettes than the low education group across all years (6.59, 7.12, 7.38 and 5.77 fewer cigarettes, respectively). However, there were no significant interactions comparing education groups by time suggesting similar trends over time in reductions of cigarettes smoked regardless of education group (Supplemental Table 2 ).
Other tobacco products
In contrast to mean CPD declining for the lower and middle groups, OTP use (Fig. 1d) increased from 9.1% in 2003 to 11.7% in 2014 among the low education group, and from 6.0% in 2003 to 8.5% in 2014 among the middle education group. The high education group used OTPs at about the same rate across all survey years but always at a lower rate than the other two groups. We found no significant interaction comparing education groups by time. The disparity between the high and low group in 2003 was 4.6% and it grew to 7.0% in 2014. There was a significant main effect of education in the regression model, such that the high education group had a lower odds ratio of using an OTP compared to the low education group across all years (point ORs for the high education group compared to the low education group were 0.48, 0.55, 0.56 and 0.41, respectively, and all were significant) (Supplemental Table 3 ).
Discussion
Main findings of this study
The outcomes from these analyses were generally unexpected given the current maturity and sustained tobacco control efforts in Minnesota. Although there was a large reduction in cigarettes smoked by the low education group, their prevalence of smoking increased over time. Thus we observed a steep and increased gradient in smoking by education level. We expected that all education groups would be smoking at lower levels so the resulting increase in the disparity in smoking prevalence was surprising.
What is already known on this topic
The presence of a disparity in smoking rates among those with fewer years of completed education compared to those with higher educational attainment has been documented in US national data, 10, 12 in California 8 and in other countries. 6, 7 The widening disparity in smoking prevalence is particularly surprising given a substantial cigarette tax increase in Minnesota in 2013. 13 Previous research has suggested that increasing cigarette price is effective across socioeconomic levels.
14 Our study suggests that the substantial tax increase in Minnesota led to a decline in CPD in all education groups; however, the expected reduction in prevalence was not observed in the low education group. This finding could be explained by the higher levels of dependence (as measured by time to first cigarette) as well as an increase in the prevalence of OTP use among the low education group. This suggests increased regulation of non-cigarette products, as well as national and state-wide taxation policies may be important steps towards reducing disparities. 1, 15 What this study adds
The observed gaps among education groups within each time point and the widening gap in smoking prevalence suggest that there is an urgent need for a concerted effort to reduce disparities. Zhu et al.
8 have argued that a whole population-level tobacco control approach was the most cost-effective strategy to impact smoking among all subgroups. However, this approach seems to have been less successful at impacting prevalence among low education smokers in Minnesota. In order for the absolute disparity between education groups to decrease, a higher rate of reduction is needed among the lowest educated. Despite known best practices for reducing smoking prevalence at the population level, it is less clear how to best reach continuing smokers with low education levels.
A recent review by Brown et al. 16 concluded that increasing the price of tobacco was the only strategy found to consistently impact smoking prevalence among low SES groups. Other population-level strategies such as mass media campaigns were found not to be as effective towards reducing disparities unless they were specifically tailored to low SES smokers. Given the increasing use of OTP, policies aimed at increasing price should also include small cigars, which are typically cheaper and sold in smaller pack sizes and therefore more accessible to low income populations. In addition to these broad policy approaches, others have recommended targeted approaches at the individual level. Twyman et al. 17 found that barriers to smoking cessation for individuals with low SES exist at multiple levels including the DISPARITIES IN CIGARETTE SMOKING e79 individual (addiction and stress management), community (lack of social support), organizational (stressful working and living conditions) and societal levels (pro-smoking norms). Examples of approaches to address these barriers include coordination with community-based organizations, integration of tobacco dependence treatment into existing programs that serve low SES individuals, [18] [19] [20] and incorporation of community participation and feedback. Multi-level interventions focused on complementing population-level strategies with community-specific interventions may hold the most promise for having a targeted impact on tobacco use reductions in low SES communities. 21 Few examples of this type of multi-level tobacco control interventions exist 22 and future research is needed to demonstrate the effectiveness of such approaches to move the field forward.
Limitations of this study
Some important limitations should be considered when interpreting the results of this study. As the data rely on selfreported behavior and therefore there might be a misrepresentation of retrospective tobacco use. In addition, as with any trend analysis changes over time could be due to period, cohort or age effects or a combination. The composition of Minnesota's population was too homogenous to explore racial/ethnic differences in the outcomes. Although the analytic approach extends previous work in this area by modeling interactions with time controlling for gender and age, there may be other variables that were not measured in this survey, for example, tobacco outlet density or exposure to tobacco marketing. The results could have been affected by a modest sample size in the low education group especially for CPD and other smoking variables; a larger sample that is able to include more low education smokers will be necessary to replicate these findings. Importantly, water-pipe use was not available for all rounds of MATS, and electronic cigarettes were not included. Future efforts to reduce smoking will be challenging in populations where the most effective public policies have already been implemented. Thus, for all education groups to reach the low prevalence achieved by the high education group in 2014, efforts to reduce both absolute and relative differences in smoking are needed. However, state-level efforts can only be modest against an industry focused on keeping smokers addicted. Innovative efforts at the national level, up to and including the regulation of nicotine in tobacco products by government agencies such as the US Food and Drug Administration, 23, 24 and local efforts to restrict flavors such as menthol, complemented with individual-level strategies to help smokers overcome barriers to quitting are desperately needed to eliminate the widening gap in smoking disparities.
Supplementary data
Supplementary data are available at Journal of Public Health online.
